Abstract. In light of the issue of radiolysis of the solvent system in PUREX process, alpha and gamma radiation stability of tributyl phosphate (TBP)/kerosene (OK) have been studied in this paper, in which 238 Pu dissolved in the organic phase and 60 Co are selected as alpha and gamma irradiation sources, respectively. The amount of the degradation products not easily removed after the washing process has been measured by the plutonium retention. The effects of the absorbed dose, the TBP volume fraction, the cumulative absorbed dose and the presence of UO 2 2+ and Zr 4+ on the radiolysis of the solvents have been investigated. The results have indicated that the Pu retention increases with the increase of the absorbed dose after alpha or gamma irradiation, and is larger for the solvent containing less TBP. There is competition between UO 2 2+ and Pu 4+ to complex with the degradation products, and Zr 4+ accelerates the radiolysis of the system.
Introduction
In the PUREX spent fuel reprocessing process, tributyl phosphate (TBP) solvent degrades due to radiolytic and chemical attacks, resulting in a series of degradation products originating from TBP and from hydrocarbon diluent. The main products of TBP radiolysis are hydrogen, methane and dibutylphosphoric acid (HDBP) with monobutylphosphoric acid (H 2 MBP) and phosphoric acid produced in lesser amount [1] , which usually can be removed through alkali washing. The principal impurities of the diluents comprise aliphatic nitro compounds, aliphatic carboxylic acids, aliphatic nitroso compounds, aromatic compounds and ketones and aldehydes [2] , some of them are metal complexing agents and are diffi cult to remove from the solvent with alkaline solutions. These degradation products can accumulate gradually and lead to the deterioration of the solvent performances and then fi nally fresh solvent has to be employed to replace the old.
Since the early 1960s, numerous researchers from USA, Great Britain, France and other countries have investigated the radiolysis of TBP solvents. The work by Mincher et al. [1] as well as the TBP book by Navratil [3] have described most of the processes. Most of the research performed on the degradation of TBP solvents has focused on the identifi cation and measurement of degradation products [4] [5] [6] [7] , the degradation mechanisms [8] [9] [10] and the degradation impact factors, such as diluent [11] [12] [13] , water [14, Infl uence of alpha and gamma radiolysis on Pu retention in the solvent TBP/kerosene 15] , nitric acid [16] [17] [18] [19] , metal ion [20] , atmosphere [21] , etc. For example, Bellido et al. [13] have suggested that the aromatic diluents can reduce the extent of radiolytic degradation of TBP. Stieglitz and Becker [16] have reported increased HDBP production in the presence of aqueous nitric acid. However, Brodda et al. [17] have suggested that in TBP solution the yield of HDBP decreases with the increase of nitric acid concentration. Peterman et al. [18] have investigated the radiolysis of a TBP/n--dodecane process solvent in contact with aqueous nitric acid. Also Fermvik et al. [19] have extensively discussed the role of nitrate in a TBP/BTBP-based GANEX separation process. In addition, the issues about the degradation products responsible for the retention of fi ssion products have also been the focus of attention [22] [23] [24] .
However, most studies concerned with TBP radiolysis have been carried out using gamma rays or accelerator electron sources. So far, only a few studies have been performed using alpha particles with high--linear energy transfer. For example, Barney and Bouse [25] have studied alpha radiolysis of TBP solutions in several different types of diluents, and suggested that the aromatic diluents give the best protection for TBP against radiolysis. Lloud and Fellows [26] have determined the formation rates of the principal degradation products produced by Pu(IV) loading in TBP solutions as a function of temperature. More recently, Li et al. [27, 28] have analysed HDBP, MBP, and carbonyl compounds produced from alpha radiolysis from 238 Pu dissolved in TBP extraction systems. Other than TBP, Fermvik [29] has discussed the effects of alpha vs. gamma radiolysis on the extraction of americium by C5-BTBP in cyclohexanone. Mincher et al. [30, 31] have compared the alpha and gamma radiolysis of CMPO.
In this work, alpha and gamma radiolysis of TBP/kerosene (OK)/nitric acid solvent have been studied, in which 238 Pu dissolved in the organic phase and 60 Co are adopted as alpha and gamma radiation sources, respectively. As the degradation products from TBP especially HDBP and H 2 MBP have been extensively studied, the present paper focuses mainly on those degradation products not easily removed by washing procedure, the amounts of which are estimated by the plutonium retention in the solvent. The effects of the absorbed dose, the volume fraction of TBP, the cumulative absorbed dose and the presence of metal ions UO 2 2+ and Zr
4+
on the Pu retention have been discussed.
Experimental

Irradiation
Gamma irradiation
The samples of TBP/OK are prepared by suitable mixing of TBP and OK followed by scrubbing the mixtures with 5% wt. Na 2 CO 3 , 0. [32] , and the standard deviation of the dosimeter is 0% to 5%.
Alpha irradiation
Plutonium stock solutions are purifi ed by pyridine--based anion exchange resin, and this treatment yields 10 g/L 238 Pu(IV) in 3 M HNO 3 . Solutions of TBP/OK pre-equilibrated with 3 M HNO 3 are mixed and stirred together with an equal volume of 3 M HNO 3 that contains plutonium nitrate. The organic solutions are separated and are aged in sealed centrifuge tubes for about 35 days. Due to the extremely low penetration of alpha particles released by Pu-238, the absorbed dose is calculated by assuming that all the decay radiation from the plutonium dissolved in the organic phase is absorbed by the organic phase. The decay energy of Pu-238 is 0.54 W/g, and the absorbed dose is the product of the decay energy 3 , and then is successively scrubbed three times with separate, equal volumes, solutions of 5% wt. Na 2 CO 3 , 0.1 M HNO 3 and distilled water. The plutonium concentration extracted in the organic phase and retained in the solvent after scrubbing is estimated by counting a 50 L aliquot using a Bechman model LS-6000LL scintillation counter. Here the plutonium retention in each sample is characterised by the ratio of alpha counter (plutonium concentration) for a fi xed aliquot of organic phase after washing to that before stripping.
Plutonium retention test
The plutonium retention test method for alpha--irradiated samples is similar to gamma irradiation, and the only difference lies that the alpha-irradiated sample itself contains 238 Pu(IV) and need no extra extraction of plutonium.
Reagents
All reagents in the experiments are of analytical grade purity.
Results and discussion
Gamma-irradiated samples
Because gamma radiolysis of TBP solvents have been investigated adequately and the most com-monly system comprises 30% vol. TBP in an organic diluent, here 5% vol. TBP/OK solvent is selected. The dependence of the Pu retention in the TBP solvents on the absorbed dose is plotted in Fig. 1 . When the absorbed dose increases from 0.5 × 10 5 Gy to 1 × 10 6 Gy, the Pu retention increases monotonously from 3.40% up to 37.63%. It is indicated that high absorbed dose is responsible for the apparent increase in the yields of the degradation products. These degradation products have strong complex capability and not easily removed by alkali washing, leading to more plutonium retained in the organic phase solvents.
The effect of the TBP volume fraction on the Pu retention is illustrated in Fig. 2 , in which the absorbed dose is 5 × 10 5 Gy for all the samples. It can be seen that the Pu retention is strongly dependent on the volume fraction of TBP. The Pu retention of 5% TBP/OK and 10% TBP/OK are relatively large and is around 30%. As the TBP concentration increases, the Pu retention decreases and is all lower than 15% in the solvents with 15, 20, and 25% TBP. In the 30% TBP/OK system, the Pu retention increases slightly and is 21.19%. The Pu concentration originally extracted and retained in the organic phase after washing is shown in Figs. 3a and 3b , respectively. The extraction of Pu is essentially independent of the TBP volume fraction, as indicated by Fig. 3a . However, it is clear that the Pu retained in the solvents with 5% and 10% TBP is larger compared with other solvents. It is demonstrated that the degradation products with strong complexation with plutonium mainly originate from the radiolysis of the hydrocarbon diluent. In addition, it should be noticed that the relative electron density of an irradiated sample composed of various elements has an impact on the attenuation and absorption of gamma ray. In our experiments, the TBP volume fraction is varied from 5 to 30%, the distribution of absorbed ionizing energy also depends on the relative electron density of the solute and the diluent. The electron density is related to matter density and atomic number. The densities of pure TBP and of the diluent kerosene are about 0.98 and 0.80 g/mL, and the molecular weights of them are 266 and 170, respectively. The total volume of each organic mixture is just 1 mL. It is estimated approximately that in the studied range of TBP volume fraction, there is small difference in the relative electron densities of organic solvents. Therefore, the absorbed doses in the irradiated solvents containing different TBP are roughly considered identical. In an actual reprocessing plant, TBP solvent goes through a washing process to clean part degradation products prior to its reuse. Here the recycle procedure of the 30% TBP/OK solvent system is simulated, and the fl ow diagram is shown in Fig. 4 . After several cycles, the larger the cumulative absorbed dose, the more serious the retention of plutonium is, as displayed in Fig. 5 . Under the condition with the similar gamma cumulative absorbed dose, compare the Pu retention of the 30% TBP/OK solution with our previous 30% TBP/n-dodecane (DD) sample [33] , and the results are shown in Table 1 . It can be seen that the retention of plutonium in the sample of TBP/OK is much larger than that in the TBP/DD solvent, which implies that the capacity of radiolysis resistance of n-dodecane is superior to kerosene. However, the absorbed dose that TBP solvents exposed to in actual reprocessing plants is much lower than in our experiments, therefore the radiolysis of real solvent systems should be not as serious as the samples here. Considering that n-dodecane is more expensive than kerosene. Kerosene can be an appropriate diluent at a low absorbed dose, but n-dodecane is better suited as a diluent when the absorbed dose is high.
Alpha-irradiated samples
The dependence of the Pu retention in the alpha--irradiated 30% TBP/OK solvents on the absorbed dose is plotted in Fig. 6 . It is apparent that the Pu retention increases with the increase of the absorbed dose. When the absorbed dose increases from 1 × 10 5 Gy to 5 × 10 5 Gy, the Pu retention increases slowly from 3.66 to 4.76%. When the absorbed dose continues to increase up to 1 × 10 6 Gy, the Pu retention increases considerably and can fi nally reach up to 27.45%. The effect of the TBP volume fraction on the Pu retention is illustrated in Fig. 7 . Similar to the mentioned gamma-irradiated samples, the Pu retention is larger in the solvents with less TBP, which is further demonstrated that the diluent kerosene is responsible for the production of the degradation products with strong complexation with plutonium.
Lloud et al. have suggested that plutonium promotes TBP radiolysis by two mechanism, alpha radiolysis and metal-ion-induced hydrolysis, and the latter can be the major effect [26] . In order to further study the effect of metal ions on the radiolysis of TBP solvent, here two different metal ions UO 2 2+ and Zr 4+ are introduced into the solvents respectively by mixing the organic phase loading Pu(IV) with an equal volume of organic phase that contains uranyl nitrate or zirconium nitrate. The Pu retention in the Fig. 9 , it can be seen that the Pu retention in the solvents fl uctuates between 6 and 9% in the selected range of Zr 4+ concentration, which is larger than the sample loading only Pu 4+ under the similar experimental condition. Thus, the introduction of Zr 4+ into the solvents promotes the TBP system radiolysis, resulting in more plutonium retained in the organic.
Conclusions
In this paper, alpha and gamma irradiation stability of the TBP/kerosene/3 M HNO 3 solutions are studied, in which plutonium dissolved in the organic phase and 60 Co are selected as the alpha and gamma radiation source, respectively. The Pu retention is tested to evaluate the degradation products not easily removed by the washing procedure. The results have indicated that the Pu retention increases monotonously with the increase of alpha or gamma absorbed dose. The Pu retention is dependent strongly on the TBP volume fraction and is larger in the samples with less TBP, and it is suggested that the degradation products with strong complexity with plutonium mainly originate from the diluent kerosene. When UO 2 2+ and Zr 4+ are introduced in the TBP solutions, respectively, the Pu retention shows no obvious variations with the increase of the concentration of the two metal ions. The Pu retention in the sample containing only Pu 4+ ion is larger than that loading UO 2
2+
, but is smaller than the solvents containing Zr 4+ at the similar absorbed dose. Therefore, there can be competitive relationship between UO 2 2+ with Pu 4+ to complex with the degradation products, and Zr 4+ ion may aggravate the radiolysis of the TBP solutions. 
